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Effects of acid deposition on soil: An overview 


G. Abrahamsen and A. O. Stuanes 


Introduction Natural H-ion production 


Large amounts of chemical compounds are de- As illustrated in Figure tl, H-ions 
posited to terrestrial ecosystems as a re- are produced in different parts and in dif- 
sult of the emission of pollutants to the ferent processes by the ecosystem. In un- 
atmosphere. The present paper is an over- polluted atmosphere H-ions enter the system 


view of the effects of acid deposition on with precipitation for example in the form 
soils, and includes only those compounds of carbonic acid. H-ions may be taken up in 
having the potential to influence the the canopy, as is often the case with deci- 
acid/base properties of soils. The paper is duous trees, or it may be released, often 
thus restricted to a discussion of the ef- from conifers. In the soil CO, production 
fects of the deposition of H-ions and the by soil organisms and plant roots is also a 
accompanying anions s027 and NO3 , as well source of carbonic acid. H-ions are also 
as compounds having the potential to produce produced when N- and S-compounds are miner- 
acids in the soil immediately or later. alized. Nutrient uptake by plants may pro- 
This last mentioned group “includes compounds duce H- or bicarbonate-ions depending on the 
like S02 , NO, and also NH}. ` 


ATMOSPHERE 


Soil acidity is the main factor to be con- 
sidered when evaluating the effects of acid 
deposition on soil. We know that during 
soil formation all soils in areas with a 


Absorption 
in canopy 
H+ 


surplus of precipitation tend to become more 


acid. Soil acidification is a natural proc- 


VEGETATION Litterfall 


Throughfall 
includi 
and exudates \ cru nO 


ess and many of the compounds being deposit- 


ed from the polluted atmosphere occur 


naturally in soils. The problem of assess- 


SOIL 
SOIL MINERALS 


Decomposition 
CO2— H2COs 


ATMOSPHERE 


ing their effects is therefore one of quan- 


tification. 


Immobilization 

h resent paper a comparison is made of 
a meee oa.s p Volatilization 
the amount of acid deposited from polluted 
Mineralization 


atmosphere and the amount produced in forest (S.N) 


Sorption H* 


Desorption 


soil. By comparing these two amounts with 
the sinks of H-ions in the forest it is pos- 


LEACHING 


sible to indicate how the acid/base proper- 


ties of forest soil are influenced in areas 


exposed to acid deposition. The paper also SEA 


includes a review of studies aimed more di- 
rectly at examining effects of acid deposi- Figure 1. Simplified diagram of the nutrient cycling 
tion on soil-base properties. in terrestrial ecosystems. 
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Table 1. Amounts of H-ions produced in forest ecosystem. 
H* production 
Location Site description me/m? yr. Calculated as Reference 
Sweden Pine, high productivity 300 Excess cation accumulation 1 
Pine, low productivity * 50 in trees and humus 

Hubbard Brook Deciduous forest 122 Total H* sources in the 2 
Experimental Forest s watershed minus the 
U.S.A. atmospheric input 
Sweden Pine, low productivity Cation/anion balance 3 

Mineralization 223 

Root uptake 309 
Solling, d Beech 216 Cation/anion balance 4 
FRG Spruce 346 
ratio of cation to anion uptake. Forest about 20 years, whereafter it gradually de- 
trees usually take up more cations than an- clines. Estimates of the total H-ion pro- 
ions; therefore H-ion release is usually duction as annual averages for an entire 


connected to 
soil. 
the soil H-ions also accumulate. 


the nutrient uptake in forest 
When humus material accumulates in 
Weathering 
processes are the main sink for H-ions, but 
H-ions may 


tion of S- and N-compounds. 


also be consumed by volatiliza- 


The main part of the H-ion production in the 
soil can be estimated by the accumulation of 


humus and by the accumulation of excess ca- 
tions in the biomass, As a forest grows 
there is an accumulation of base cations in 


the biomass and a corresponding accumulation 


of H-ions in the soil. However, provided 
that the organic material produced is decom- 
posed completely to CO, , water and inorgan- 
ic compounds, and that the biomass produced 
is not removed from the forest, there should 


no long term net accumulation of H-ions. 


On the other hand, if the organic material 
is not completely decomposed and/or forest 
products are removed, the acidifying effect 


corresponds to the net 


over elements taken up as anions. 


uptake of cations 


According to the factors mentioned above, 
the natural H-ion production in forest eco- 
systems will 


productivity, 


vary with soil properties and 
tree species, climate, forest 
management, etc. 
(1), it is also highly dependent on the age 
of the forest stand. 


ation it 


As shown by Nilsson et al. 


After forest regener- 


increases up to a stand age of 


rotation period are given in Table 1. 
This that the average annual H-ion 
production appears to vary from about 50 
me/m? yr in a poor pine forest to about 350 


shows 


me/m? yr in a spruce forest in Germany. 


The long-term acidifying effect of this 
H-ion production depends on harvesting poli- 


cy. By increased removal of forest products 
the net acid production also increases. If 
only the stems including bark are harvested 
the net annual average H-ion production for 
the entire rotation period is of the magni- 
tude 50 me /m? yr. If, however, whole trees 
are harvested both in thinnings and in the 
final clearing the figure is of the magni- 


tude 120 me/m* yr (5, 6). 


Variation in soil properties 


The effects of acids on soil acid/base prop- 


erties vary enormously with climatical con- 
ditions and soil properties. Leaching of 
plant nutrients only occurs in areas where 
precipitation exceeds evapotranspiration. 
Some of the more important soil properties 
are texture, amount of organic material, 


mineral composition, cation exchange capaci- 
ty, base saturation, anion sorption capacity 
Variation in these proper- 
is reflected on soil maps. Restricting 


and 
ties 
the discussion to European conditions, the 


soil depth. 
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FAO-Unesco soil map illustrates some of this 
variation (7). In Scandinavia and northern 
USSR the Orthic and Gelic Podzols dominate. 
Limited by low the forests 
dominated by conifers and birch. 


other extreme, 


temperatures, 
here are 
At the 

climatic belt extending from Portugal to Az- 


in the Mediterranean 


erbaijan on the Caspian Sea, severe moisture 


stress is the dominant limitation. The 
soils are mainly Calcic and Eutric 
Cambisols, Chromic Luvisols and Xerosols. 


Between these extremes many other soil units 
are represented, ranging from the Calcaric 
Phaeozems, Calcic Chernozems and Gleyic Lu- 

in bases to the thin Lithosols 


and eluviated and acid Podzols. 


visols rich 


Effects of acids on soil 


Cations exist 


In 


in the soil in three phases: 
the soil solution, adsorbed to the nega- 


tively charged soil particles, and in the 
minerals. Changes in the concentration in 
one of the phases influence the concen- 
tration in the others. Thus if the concen- 
tration of H-ions and an associated anion 
increase in the soil solution, H-ions will 
exchange with cations on the surface of the 


soil particles. 
into 


Other cations may then move 
the soil solution, and the H-ion satu- 
ration of the ‘soil will increase. Increased 
acidity is again likely to increase the re- 


of 


creased weathering rate. 


lease elements from the minerals by in- 


Soil acidity increases and base saturation 
decreases when H-ions exchange with base ca- 
tions The 
efficiency with which H-ions exchange with 
base 


adsorbed to the soil particles. 


cations is dependent on the base satu- 
ration, soil pH and the relative proportions 


of permanent and variable charges in the 


soil, A low base saturation, a low soil pH 
and a relatively high proportion of perma- 
nent charges will result in a lower replac- 
ing efficiency of H-ions (8, 9). In 
accordance with this, Bergseth (10) found a 
higher ratio of replaced amounts of Ca and 
Mg to sorbed H-ions in brown earth than in 
Podzol. 
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of cations in the soil solution 
one premise for leaching. 
the 
like 
weakly 


Occurrence 
is Another prem- 


ise is occurrence of a mobile anion. 
Cl” , NO3 , HCO% and often sO, 
_ sorbed to 


the soil particles. 
the 


considered to be the driving force in 
(11). 
terest in connection with acid deposition 
are NO3 and S04 - 
the 

soils 


Anions 
are 
Therefore 
often 


presence of mobile anions is 


leaching The anions of greatest in- 
NO3 is weakly adsorbed to 
but 
it is readily taken up by plant roots 


soil particles, in most natural 


and soil organisms. In this way NO3 is nor- 
mally leached in small quantities in natural 
forest soils. Abrahamsen (12) compared the 
input of N by wet deposition with the runoff 
from forest watersheds and in lysimeters 
with forest soils in Europe and North Ameri- 
On the the of N 
amounted to only 30% of the incoming N by 
deposition. 


the 


ca. average, leaching 


wet If including the dry depo- 
sition relative leaching of N would be 
even lower. Presuming negligible denitrifi- 
this means that more than 70% of the 

will be adsorbed the 
system. NO3 contributes there- 
little to the leaching of 
the soils referred to, except 
snowmelt, when the biological activ- 
is low (13). It must also be mentioned 
that NO3 leaching appears to have increased 
in many countries with high atmospheric de- 
position the Netherlands, 
This may indicate some 
of N saturation of the soil/plant sys- 


cation, 
incoming N 
soil/plant 

fore 


in 


relatively 
cations from 
during 


ity 


such as Germany, 
southern Sweden etc. 
kind 


tems. 


sot may in contrast to NO; be sorbed in 
soils 


rich in amorphous oxides and hydrox- 


ides of Al and Fe. Such compounds are not 
as abundant in the soils of the sensitive 
areas in North America and Europe as in the 
soils developed for a longer time under 
warmer climates. The biological demand for 
S is much less than for N. The result of 


these factors is therefore that S04, appears 
to be weakly retained in soil/plant systems 
in the temperate zone. 


the 


This is evident from 
relationship between the wet deposition 
and leaching of so?” from forest watersheds 
or lysimeters. 

S is leached 


On the average slightly more 


than comes in by wet 
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deposition. If including dry deposition, 
the conclusion is that the leaching of S is 
slightly less than the total deposition of S 


2- 
(42). Therefore SO, leaching is a crucial 
factor for the leaching of cations from 
soils. 
The main sink of H-ions in soils is the 


weathering reactions. During weathering 
H-ions replace other elements in the min- 
erals, and are therefore neutralized . 
Weathering rates are very difficult to esti- 
mate under natural conditions. For this 
reason our knowledge in this field is 
scanty. In Numedal in Norway it was found 


that the mean yearly weathering in podzols 
was equivalent to 20-140 me/m* yr (14). The 
long-term cationic denudation in the Hubbard 
at 127 me/m? 
yr, but if the long-term accumulation of nu- 
in the 
weathering reactions 


Brook ecosystem was measured 


trients biomass supplied from the 
the 


amount to about 200 


were included, 
rate would 
(35)... The 

at four localities in Sweden was 
in the range of 35-79 me /m* ys (ecg. 1). In 
Glendye, Scotland, Reid et al. (16) calcu- 
lated the loss of Mg2*, ca?*, Na* and K* due 
to to 173 me /m? yr. 
The weathering rate is dependent on the cli- 


weathering 


yr 
weathering 


me/m2 H-ion consumption by 


weathering to amount 


mate, topography, parent material and bio- 


sphere; differences in these factors will 


give different weathering rates. 
depend 


Weathering 


rates also on the concentration of 
acid in the soil and are likely to increase 
with increased acid concentration. 

It should also be mentioned that the effect 
of 
infiltration 
This is 


ture, the 


acids on soil depends on the pattern of 
flow through the soil. 


mainly governed by the soil struc- 


and 
distribution of large and small 
pores and by the quantity of water flowing 
through the soil. 


Effects of atmospheric acid deposition on 


soils 


The information given in the preceding chap- 
ters tells us that the effect of the atmo- 
spheric deposition of acid or acid-forming 
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substances will vary from one area to anoth- 
er depending on soil and vegetation proper- 
ties. In addition comes the tremendous 
variation in deposition. The potential ef- 
fect on soils is much higher in Central Eu- 
rope, where the deposition of S amounts to 
10 g/m? yr 
Scandinavia, 
0.5-1 g/m? 

is also important 


than in northern 
deposition equals 
In this 
remember 


or even more, 
where the 
yr or less. 
to 
pollutants in many areas 


respect it 
that atmo- 
spheric of Central 
the indus- 
In 
the main increase in deposition 
came after World War II. 


Europe have been deposited since 


trial revolution about 250 years ago. 


Scandinavia 


Research on the effects of acid deposition 
soils during the last 10 years has shown 

no single research strategy, e.g. ex- 
modelling or field observations, 
What is the effect 


of a given atmospheric deposition on the ac- 


on 
that 
periments, 
can answer the question: 


id/base properties of a given soil? The an- 


swer to this question must be based on the 
common multiple of the knowledge gained from 
all the within this 
field. These activities are: 


l. Use of general knowledge of 


research activities 


soil chemistry - modelling. 

2. Studies of soil chemistry as 
related to distance from large 
SO, emitters. 

3. Acidification experiments. 
Comparison of soil chemistry 
over time. 


1. General knowledge of soil chemistry. 


The discussion in the preceding chapters has 

demonstrated that in temperate forest soils: 
-Sulphate is commonly a mobile anion. 
-The efficiency of H-ions to exchange with 
base cations is commonly greater than 0.3. 
-The natural H-ion production in a growing 
forest ecosystem appears to be of the mag- 
nitude 50-350 me/m* as annual average for 

one rotation period. 

-The H-ion pro- 

duction (more rotation periods) in managed 


long-term net natural 


forests depends on the amount of the biom- 
ass removed. If only the stems (including 
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bark) are removed the H-ion production may 
be on the order of <10-50 me /m yr. LE 
whole trees are removed as much as 120 me 


H-ions/m? may be added to the system annu- 


ally. 
-The neutralizing capacity by weathering 
processes appears in podzolic soils to be 


on the order of 20-200 me/m* yr. 


The conclusion from the above is that the 
natural H-ion production in managed forests 
may be of almost the same magnitude as the 


weathering rate. An additional input of ac- 
id would therefore tend to acidify soils un- 
the 


However, 


less weathering rate is increased. 
most of the weathering rates given 
are from recent years and therefore more or 
less under the influence of acid deposition. 
In any case, studies on weathering rates are 


of great importance in solving this problem. 


2. Effects of large S0, emitters. 


The early literature on the effect of S02 on 
soil goes back to the beginning of this cen- 
tury. These studies are reviewed by Katz et 
al. (17), who also studied soil pH and base 

different 
emitter at 


from a 
British 
The conclusion of this study was 


saturation at distances 
large S02 
Columbia. 
that pH 


up to a 


Trail, 


and base saturation were depressed 
of about 15 km from the 

conclusion was reached 
from a study in the Sudbury area (18). Ina 
later and Walker (19) con- 
cluded that the great majority of research- 
ers showed that 


distance 
source. A similar 
review Nyborg 


evidence 
the 


SO, causes soil 


acidification in vicinity of large 


sources, but the rate of the process was 
not well defined. 

3. Experiments with artificial 
acidification. 

Long-term effects of acid deposition may be 


simulated by applying 
concentration of acids than in normal acid 
Precipitation. 
clude 


water with a higher 


Experiments of this kind in- 
field 
lysimeter-studies as well as studies carried 


large-scale plot- and 
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out on a laboratory scale. Laboratory and 
greenhouse studies have been carried out 
with the use of simulated rain of different 
acidities (20, 21, 22, 23). In the studies 
referred to, the simulated rain also con- 
tained normal concentrations of electro- 


lytes like NO3, NH}, Cl”, Na, K*, Mg?* and 


Ca2* . All studies have shown increased 
leaching of base cations with increasing 
acidity of the simulated rain. Compared to 
the effect of control "rain" (pH 5.3-5.6) 
effects of "pH 4 rain" on the exchangeable 
base cation content of the soil were only 
slight. At pH 3 , however, all studies have 
given similar results: Significant re- 
ductions in the content of exchangeable base 


cations in the soil. At this pH level rela- 


tively little damage is done to the ground 
vegetation, except for mosses which appear 
to be more sensitive to acid water than 
higher plants. At lower pH in "rain" more 


damage is done on the plants and part of the 
very significant reduction in the exchangea- 
ble cations is likely to be caused by this. 

Results of acid application in field plots 
or field lysimeters 
those mentioned for 
However, due to the 


and the huge amounts 


show results similar to 
laboratory experiments. 
size of the field plots 
of water that therefore 
have to be applied, it has not been possible 
to obtain the normal concentration of elec- 
the artificial 
Swedish 
applied was in 


trolytes in rain in these 


experiments the acid 
the form of a quite strong 
sulphuric 


studies. In 


solution of acid and in amounts 


total of almost 200 kg 
S/ha over a 6-year period (24). This appears 
to have resulted in a statistically signif- 
icant 


corresponding to a 


decrease in the content of "base ca- 


tions" in all soil layers down to the C ho- 
rizon except in the eluviated layer. In 
Norwegian experiments sulphuric acid was 


mixed with ground water and applied to field 
plots and lysimeters in concentrations cor- 
responding to pH about 6 (control), pH 4, pH 
3, and in some experiments also 2.5 and/or 
20; The ground water has higher concen- 
trations of, among others Ca?* and Mg2*+ than 
the This reduced the 
acidifying effect of the water applied com- 
pared to the effect of natural acid rain 
with similar pH 


precipitation. has 


levels. To overcome this 


O - layer 
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Figure 2. The relation between base saturation in 


the O- and E-layers and the total amount 
of acid applied to the field plots at the 
time of sampling. (See text for further 
explanation.) 


problem the lime potential (pH-1/2p (Ca?*+Mg 
)) of the artificial rain should be used 
rather than the pH. The lime potential is 


actually the logarithm of the activity ratio 
ant 1 cg2+ +4q2* in solution. If multiplying 


the antilogarithm of the negative value of 
the lime potential of the artificial rain 
with the amount of water applied, we will 
get an expression for the total amount of 


acid applied to the plots. These figures can 


then be compared to corresponding figures 
for natural acid rain. An example may clari- 
fy this. 
qualities A and B. These are: 
A: pH 4, (Ca2*+Mg2*) 0.00001 M, 
B: pH 4, (Ca2+Mg2*) 0.0001 M, 
This that 


would be equal to 3162 mm rain of quality B. 


Let us suppose we have two "rain" 


LP = 1.5. 
LP 2 Oi, 
1000 mm rain of quality A 


means 


F i gure 2 shows the relation between 
base saturation in the O-and the E-layers 
and the total amount of acid applied to the 
field plots at the time of sampling. The 
total amount of acid is calculated in the 
way described above. It is seen that there 
is a clear relationship between the amount 


2+ 
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of acid applied and the base saturation in 
the O-and E-layers of these podzol soils. In 


the Bsl- and Bs2-layers at approximately 10 


and 25 cm soil depths respectively, no ef- 
fect of the acid application could be ob- 
served. The largest decrease in base 


saturation is found in the "pH 2" treatment. 
Effects of this treatment cannot be compared 
directly to the long-term effect of natural 
acid precipitation with a pH of about 4.3. 
The reason is partly that large parts of the 
ground vegetation are killed by chis treat- 
ment and partly that the equilibrium condi- 


tions in the soil will be quite different 
The 


"pH 3" treatment, however, does not produce 


from those created by higher pH levels. 


large damage to the ground vegetation except 
species. this 
more comparable to the effect 


for some moss Therefore 


treatment is 
of "naturally acid" rain. With these reser- 


vations in mind, the results of the exper- 
iments indicate that acid rain of pH 4.0-4.3 
decades is likely to reduce the 


over some 


base saturation of the soils examined. 


4, Soil 
acid/base properties. 


resampling and reanalysis of 


of 
properties of the soil have been carried out 
in Sweden (26, 27), Canada (28) and in the 
FRG (29, 30). In one of the Swedish studies 
(26) change 
iron 
The 
of which five were sandy and podzolized. 
these 


Studies changes over time in acid/base 


no in soil pH was found in an 
podzol during the period 1934 to 1973. 
Canadian study included six soil types 
In 
five soil types no significant change 
in soil pH was found for the period 1960 to 
1978. 


ized 


In the sixth soil type, a nonpodzol- 


silty clay loam, a large decrease in 


soil found. However, in this case, 
the 
The 


therefore, 


pH was 
measurement 
of 


no 


earliest was questioned. 
conclusion 
that change in 
soil pH was likely during the period 1960 to 
1978. The 

about 30,000 
were 
domly selected 
59° and 61° N 
1961/63 to 


increase 


the Canadian study was, 


significant 


other Swedish study is based on 
analyses of pH. Exchangeable 
cations analysed for about 2,500 ran- 
test plots situated between 
(27). the period 
1971/73 


in exchangeable acidity was found. 


During 
a slightly significant 
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At the same time a very significant decrease 
in the contents of 
The 
Berlin forest (29) 
in 


exchangeable Ca, Mg and K 
was observed. German studies are from a 
and from different forest 
North Rhine - Westphalia (30). 
forest of Berlin a very significant 
in pH of the upper 10 cm of the 
found during the period 1950 to 
1980 for the three soil types "Rostbrauner- 
den", 


areas 

In the 
decrease 
soil was 
"Vergleyte Rostbraunerden" and 
The results may also indicate de- 
creased pH at 100 cm soil depth, but statis- 
tical analysis of data showed no 
significant differences. In North 
Rhine-Westphalia 35 sites were sampled in- 
cluding soils from podzols, brown earth and 
base-rich gley soils. The soils studied 
at different distances from the Ruhr 
and with an average distance of 45-65 


"Gleye". 


these 


were 
area 
km. Almost all soils showed decreased soil 
pH during the period 1959/61 to 1981. The 
pH smallest for the most acid 
soils (pH 2.5-2.9) and largest for the least 
soils (pH 5.0 - 5.4). 
the 


from the Ruhr area was found. 


change was 


acid No relationship 


between change in soil pH and distance 


The interpretation of the studies referred 
to is not straight-forward. Changes in the 
acid/base of the soil 
caused by various silvicultural 


properties may be 
measures 
such as fertilization, increased utilization 
óf forest biomass, or increased stocking of 
the However, as the most 


significant changes have occurred in Central 


forest stands. 


Europe where the atmospheric depositions are 


largest, the soil changes appear at least 
partly to have been caused by these depo- 
sitions. 


Conclusions and summary 


The 
soil 
tween 


acidifying effect of acid deposition on 
and water depends on the balance be- 
the of the internal H-ion pro- 

and the atmospheric deposition, and 


sum 
duction 
the consumption of H-ions in weathering re- 
actions, The acidifying effect on soil is 
also modified by the replacing efficiency of 
H-ions on the soil colloids and by the S04 
Sorption capacity of the soil. In temperate 
forest soils soz sorption capacity is gen- 
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erally low and the replacing efficiency of 
H-ions appears mostly to be larger than 
0.3-0.5. The internal H-ion production in a 
growing forest ecosystem appears to be of 
the magnitude 50 me /m2 yr in poor pine for- 
ests to about 350 me/m* yr in fast-growing 
spruce forest. The net H-ion production of 


managed forests (more rotation periods) de- 


pends on the amount of biomass removed from 
the forest. If only the stems are removed 
the net H-ion supply to the ecosystem would 


If 
trees are removed, the net production 


be of the magnitude <50-10 me /m2 yr. 
whole 


may be up to 120 me H /myr. Estimates of 
weathering rates vary from 20 to 200 me/m? 
yr for podzolic soils. This means that in 


forests used for timber production there ap- 
pears to be a near balance between the in- 
ternal H-ion production and the consumption 


of H-ions by weathering” Because of the 


lack of studies on both internal H-ion pro- 
duction and weathering rate this conclusion 


must be considered as an hypothesis. Howev- 


er, if it proves to be correct, the atmo- 
spheric acid deposition will increase soil 
acidity. In this case it would also be pos- 


sible to estimate the rate of acidification. 
The part of the hypothesis is 
supported by studies on soil acidity as de- 
pendent on distance from large SO2 emitters, 
by with 
and also by studies on changes in soil acid- 
ity over time in areas with different depo- 
sition rates, 


qualitative 


studies artificial acidification, 


Literature 

(1) Nilsson, S.I., Miller, H.G. AND Miller, 
J.D., 1982. Forest growth as a possible 
cause of soil and water acidification: An 
examination of the concepts. Oikos, 39, 
40-49. 


(2) Driscoll, C. T. and Likens, G. E., 1982. 
Hydrogen ion budget of an aggrading forested 
ecosystem. Tellus, 34, 283-292. 


(3) 
son, 


Andersson, F., Fagerstr@m, T. and Nils- 
I., 1980. Forest ecosystem responses 
to acid deposition - hydrogen and nitrogen/ 


286 


tree growth model approaches. In: 
TCs Ef- 


acid precipitation on terrestrial 


Hutchinson, 
fects of 


and Havas,M.(eds.). 


ecosystem, NATO Conference Series, Series 
I, Ecology, Volum 4 , pp.319-334. 


(4) Matzner, E. and Ulrich, B., 1981. Ef- 
fect of acid precipitation on soil. In: 
Fazzolare, R.A. and Smith, C.B. (eds.). 
Beyond the energy crisis. Opportunity and 
challenge Vol. II. Pergamon Press, pp. 
555-564, Oxford, New York. 

(5) Aniansson, B. (ed.), 1982. Acidifica- 


tion today and tomorrow. Swedish Ministry of 
Agriculture, Environment '82 Committee, Ud- 


devalla, Sweden. 232 pp. 


(6) 
chemistry 


S. I., 1983: 
as a concequence of proton input. 


Nilsson, Effects on soil 


In: Ulrich, B. and Pankrath, J. (eds.). Ef- 
fects of accumulation of air pollutants in 
forest ecosystems, 105-111, D. Reidel Pub- 
lishing Company. 

(7) FAO-Unesco, 1981. Soil map of the 
world. Vol. V, Europe. Paris, 199 pp. 

(8) Wiklander, L. and Andersson, å., 1972. 


The replacing efficiency of hydrogen ion in 
relation to base saturation and pH. Geoder- 
ma, 7, 159-165. 


1980. 
acid precipitation. In: 
Pic. (eds.). Ef- 
acid precipitation on terrestrial 
NATO Conference Series, Series 
553-567. 


(9) Wiklander, L., 
soils to 


The sensitivity of 
Hutchinson, and Havas, M. 
fects of 
ecosystem, 
I. Ecology, Volume 4, pp. 


(10) 1975). 
Magnesium und Calsium in Waldbdden durch Hy- 
drogenionen. 
25: 225-230. 


Bergseth, H., Verdrdngung von 


Acta Agriculture Scandinavica, 


(11) D.W. D.W., 1980. 
Anion mobility in soils: Relevance to nutri- 


Johnson, and Cole, 


ent transport from forest ecosystems. Envi- 


ronment International, 3, 79-90. 
(12) Abrahamsen, G., 1980. Acid precipi- 
tation, plant nutrients and forest growth. 


In: Drabløs, D. and Tollan, A. (eds.). 


VDI-Berıchte Nr. 500, 1983 


Proc., 
SNSF-project, pp. 58-63, Norway. 


Int. conf. ecol. impact acid Precip, 


(13) 
1983. 
portance of 
fects of 
Environment Protection 
1636, pp. 145-160. 


Galloway, J. N. 
Effects 
nitrogen. 


and Dillon, P. J., 
of acid deposition: The im- 
In: Ecological ef- 
acid deposition, National Swedish 


Board, Report PN 


(14) 
surt 


1977. 
soil - 


Rosenqvist, I.Th., 
(Acid acid water), 
Ingenigrforlaget A/S, Oslo. 132 pp. 


Sur jord - 
vann. 


(15) Likens, G.E., Bormann, F.H., Pierce, 
R.S., Eaton, J.S. and Johnson, N.M., 1977. 
Biogeochemistry of a 


forested ecosystem. 


Springer-Verlag, New York, 146 pp. 


(16) Reid, J .M., MacLeod D.A. and-Cresser, 
MSs; L981. The assessment of chemical 
weathering rates within an upland catchment 


in north-east Scotland. Earth Surface Proc- 
esses and Landforms, 6, 447-457. 


(17) Katz, M., 
Heds y 1939). 
base exchange capacity, and sulphate content 


Wyatt, F.A. and Atkinson, 
The hydrogen ion concentration, 


of soils. In: 
vegetation. 
Canada 815, 


Effect of sulphur dioxide on 
National Research Counsil of 
131-164. 


(18) Hutchinson, T.C. and Witby, L.M., 1974. 
Heavy-metal pollution in the Sudbury mining 
Soil and 


and smelting region of Canada. I. 


vegetation contamination by nickel, copper, 
other metals, Environmental Conserva- 


123-132. 


and 
tion, L 


(19) 


overview - 


Nyborg, M. 
the 
emission on soil acidity and sulphur content 
Sandhu, H.S. and Nyborg, M. 
Proceeding 


and Walker, D.R., 1977. An 
effects of sulphur dioxide 


of soils. In: 
(eds.). of Alberta sulphur gas 
research workshop III. The University of 
Alberta, pp. 165-195, Edmonton, Alberta. 


(20) Wood, T. 
Short-term 
the and nutrient relations of 
strobus L., Water, Air, and Soil Pol- 


F.H.,, 1977. 


effects of a simulated acid rain 


and Bormann, 


upon growth 


Pinus 


lution, 7, 479-488. 


VDI-Berichte Nr. 500, 1983 


(21) Ogner, G. and Teigen, 0., 1980. Ef- 
fects of acid irrigation and liming on two 
clones of Norway spruce. Expanded version 


with basic data included. The Norwegian For- 
est Research Institute, 1432 Aas-NLH, 
Norway, Report, 38 pp. 


(22) Bjor, K. and Teigen, 0., 1980. Effects 
of acid precipitation on soil and forest. 6. 
Lysimeter experiment in greenhouse. In: 
Drabl@s,D. and Tollan,A. (eds.). Int. 
conf, ecol. impact acid precip. 
SNSF-project, pp. 200-201, Norway. 


Proc, 


(23) 
fects 


Lee, J.J. and Weber, D.E., 1982. Ef- 

of sulfuric acid rain on major cation 
sulfate 
lating 


and concentrations of water perco- 
through two model hardwood forests. 


Journal of Environmental Quality, 11, 57-64. 


(24) Farrell, E.P., Nilsson, J., Tamm, C.O. 
and Wiklander, G., 1980. Effects of artifi- 


cial acidification with sulphuric acid on 
soil chemistry in a Scots pine forest. In: 
Drabl@s,D. and Tollan,A. (eds.). Proc. Int. 
conf. ecol. impact acid precip. 


SNSF-project, pp. 186-187, Norway. 


(25) Stuanes, A.O., 1980. Effects of acid 
precipitation on soil and forest. 5. Release 


287 


and 
est 


loss of nutrients from a Norwegian for- 
soil due to artificial rain of varying 
acidity. In: Drablgs,D. and Tollan,A. 
(eds.). Int. conf. ecol. impact acid 


precip. SNSF-project, pp. 198-199, Norway. 


Proc. 


(26) Wiklander, L., 1973/74. The acidifica- 
tion of soil by acid precipitation. 
förbättring, 26, 155-164. 


Grund- 


(27) Troedsson, T., 1980. Long-term changes 
of forest soils. Annales Agriculturae Fenni- 
ae, 19, 81-84. 


(28) S.N. and Temple, P.J., 1980. 
Soil resampling and pH measurements after an 


Linzon, 


18-year period in Ontario. In: Drabløs, D. 
and Tollan, A. (eds.). Proc., Int. conf. 
ecol. impact acid precip. SNSF-project, pp. 


176-177, Norway. 


(29) H.P 5, 1991 
sauerung Berliner Forsten. 
schutblatt, 1981, 713-715. 


Blume, Alarmierende ver- 


Berliner Natur- 


(30) Butzke, H., 1981. Versauern unsere 
Wälder? Erste Ergebnisse der Uberpriifung 20 
Jahre alter pH-Wert-Messungen in Waldbédden 


Nordrhein-Westfalens. 
Holzwirt, 36, 542-548. 


Der Forst und 


